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Abstract 
Pathogen spillover between different host species is the trigger for many infectious disease 
outbreaks and emergence events, and ecosystem boundary areas have been suggested as spatial 
hotspots of spillover. This hypothesis is largely based on suspected higher rates of zoonotic 
disease spillover and emergence in fragmented landscapes and other areas where humans live in 
close vicinity to wildlife. For example, Ebola virus outbreaks have been linked to contacts 
between humans and infected wildlife at the rural-forest border, and spillover of yellow fever via 
mosquito vectors happens at the interface between forest and human settlements. Because 
spillover involves complex interactions between multiple species and is difficult to observe 
directly, empirical studies are scarce, particularly those that quantify underlying mechanisms. In 
this review, we identify and explore potential ecological mechanisms affecting spillover of 
pathogens (and parasites in general) at ecosystem boundaries. We borrow the concept of 
‘permeability’ from animal movement ecology as a measure of the likelihood that hosts and 
parasites are present in an ecosystem boundary region. We then discuss how different 
mechanisms operating at the levels of organisms and ecosystems might affect permeability and 
spillover. This review is a step towards developing a general theory of cross-species parasite 
spillover across ecosystem boundaries with the eventual aim of improving predictions of spillover 
risk in heterogeneous landscapes. 
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Introduction 
Zoonotic infectious disease outbreaks in humans are triggered by the spillover of pathogens from 
animals, and locations where humans and animals meet frequently are potential spillover 
hotspots [1]. Alongside factors such as human population density, living conditions, and 
environment characteristics, proximity to ecosystem boundaries is suspected to mediate rates and 
risks of infectious disease spillover events [2,3]. Many past outbreaks of Ebola virus for example 
have been traced back to contacts with infected bushmeat carcasses near the edges of tropical 
evergreen forest or following perturbation caused by recent deforestation [4–6], while multiple 
vector-borne diseases such as zoonotic malaria, yellow fever, chikungunya and Zika are caused 
by parasite spillover from a primate-driven sylvatic cycle to humans and other animals at the 
boundary between rural and natural ecosystems [7–10].  
Despite the speculation that ecosystem boundaries act as potential hotspots of parasite 
spillover between species [2], there has been relatively little effort directed towards determining 
whether this is a general biological pattern, or when and where we might expect it to hold true 
(but see [2,11,12]). Should we expect to see higher rates of cross-species spillover near ecosystem 
boundaries than in ecosystem interiors? A compelling reason to expect this is that ecosystem 
boundaries form the occurrence limits of many species, which implies that contacts between 
species occupying adjacent ecosystems should occur within these transition zones. Furthermore, 
the ecological theory of edge effects predicts increased biodiversity at ecosystem boundaries, 
including the existence of boundary-specific species [13]. Both of these factors should 
correspond to an increase in spillover risk [1,14], due simply to greater opportunities for cross-
species contacts, yet empirical evidence about their precise effects on spillover risk remain sparse 
and context-dependent. Additionally, several other interacting mechanisms could influence 
spillover rates near ecosystem boundaries. A first step towards understanding the role of 
ecosystem boundaries in shaping spillover risk is to identify and describe potential underlying 
mechanisms.  
In this article, we critically explore the biological mechanisms that could alter spillover at 
ecosystem boundaries. Our goal is to address three questions: (1) Are ecosystem boundaries 
likely to be spillover hotspots? (2) Which mechanisms are expected to contribute to spillover 
near ecosystem boundaries? (3) Can we borrow from existing ecological theory to develop a 
better understanding of spillover near ecosystem boundaries?  
 3 
Section 1 of the paper describes the application of an existing ecological concept 
(permeability) to spillover across ecosystem boundaries, as a way to integrate distinct mechanisms 
driving host and parasite presence. Sections 2 and 3 describe the most important of these 
mechanisms, divided into mechanisms operating at the organism level (section 2) and the 
ecosystem level (section 3). Section 4 goes into existing concepts and theories from different 
fields that might be useful for advancing our understanding of spillover across ecosystem 
boundaries. The article will not be restricted to zoonotic spillover to humans, but will rather 
address mechanisms that might drive spillover between any host species, with the aim of 
advancing general ecological theory on parasite spillover. Note also that this review focuses on 
ecological mechanisms only, and does not address other crucial factors such as immune defence, 
host competence, or host/parasite phylogeny that determine host-parasite compatibility. 
Throughout our discussion of drivers of spillover, we distinguish between spillover rate (the 
number of spillover events for a single host-parasite system) and spillover diversity (the number 
of parasite species spilling over). Certain drivers such as host species richness will be more 
important for spillover diversity, while other drivers such as population abundance are expected 
to be more important for the number of spillover events. Definitions of these and other key 
concepts used in this article are provided in Box 1.  
 
Section 1. Toward a general framework for spillover across ecosystem boundaries 
The rate of spillover across ecosystem boundaries depends on the likelihood that source and 
recipient hosts, as well as the parasite (Box 1), are present in or near a boundary region. This 
likelihood can be represented by a boundary’s permeability (Box 1), a concept used in landscape 
and movement ecology to describe an organism’s ability or willingness to move through a certain 
habitat [15]. Applied to spillover this concept can be used to characterize how likely a parasite is 
to spill over across ecosystem boundaries (Figure 1). Spillover of a parasite across an ecosystem 
boundary requires boundary permeability for at least one of the three actors involved in spillover, 
i.e. source host(s), recipient host(s), or parasite. The interactions between the levels of boundary 
permeability for each of these components will determine spillover rate for a given system. 
Permeability for hosts will depend on host traits, and all factors that influence behaviour and 
abundance near the boundary. For example, boundaries will have high permeability for species 
whose home ranges extend into both ecosystems [16] (Figure 1). Some animals cross the aquatic-
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terrestrial boundary on a daily 
basis for foraging, such as the 
American mink (Mustela 
vison) or the Eurasian otter 
(Lutra lutra) [17]. On the other 
hand, highly habitat-
specialized species such as the 
bamboo lemur (Hapalemur 
sp.) will be more likely to 
remain in their ecosystem 
interior, and experience low 
boundary permeability [18–
20]. 
Permeability for parasites 
will depend on permeability 
for their hosts and vectors, as well as their abilities to persist independently outside the host on 
either side of the boundary, and possible physical transport in the environment (Figure 1). 
Section 2 (below) reviews how host, vector and parasite characteristics might affect permeability. 
(Box 1 references: [21][22][23][1]) 
For many host and parasite species, permeability will relate to the contrast between adjacent 
ecosystems [21]. Ecosystems that share many characteristics are more likely to facilitate cross-
boundary movement, while boundaries dividing distinct ecosystems sharing few characteristics 
will more likely have low permeability for most species [24]. Ecosystem contrast can also 
influence the directionality of permeability, where organism movement occurs more easily from 
one type of ecosystem to another than vice versa. Water-borne organisms for example often 
follow the flow of water in the landscape, which means that both hosts and parasites can more 
easily cross from a terrestrial to an aquatic ecosystem than in the opposite direction, as is the case 
for Toxoplasma gondii transmission from terrestrial felids to sea otters [25]. Such directional 
permeability is also a well-known phenomenon for agricultural pest species, where cultivated 
areas near natural ecosystems tend to attract arthropod pests when productive [26,27]. This has 
direct consequences for pathogen spillover across ecosystem boundaries, as pest species can 
carry parasites across boundaries [28]. An important question that is relevant for the risk of 
spillover to humans is whether anthropogenic boundaries are less permeable to host and parasite 
movement than natural boundaries, due to the stark ecosystem contrasts often created by 
Box 1. Definitions
Bridge host: a host species that acts as a bridge or link in an interspecies transmission chain,
meaning they act as recipient host for one spillover event, and consequently as source host for
another onwards spillover event [21]. Bridge vectors fulfil an analogous functional role by
transmitting between two different host species.
Ecosystem interior: the part of the ecosystem that is not under the influence of edge effects.
We acknowledge that this is a highly simplified definition and that this will be species-specific,
but it should be appropriate for the broad purposes of the description of mechanisms and
theory relating to spillover.
Ecosystem boundary: the divide between adjacent ecosystems, also called ‘edge’ [22].
Parasite: throughout the text, we use the term parasite to describe all organisms that infect, and
are transmitted between, hosts. This includes pathogenic as well as non-pathogenic
microparasites and macroparasites. This encompasses a wide range of characteristics, and the
mechanisms described in this article are likely to affect different parasites in different ways.
Permeability: a concept used in movement and landscape ecology, where it is defined as the
degree to which an organism is able or willing to cross a given habitat [23]. Applied to spillover
across ecosystem boundaries, it can be used to represent how likely a host species is to enter or
cross the boundary. Permeability also applies to the parasite, in which case it is determined by
permeability for the source and recipient hosts, as well as by the parasite’s ability to survive
outside a host and to passively or actively move into/across the boundary.
Recipient host: a species that is infected by a parasite originating from a different host species.
Source host: a species responsible for shedding the parasite and causing a spillover exposure
event, either by shedding the parasite into the environment or through direct contact with the
recipient host.
Spillover: the transmission of a parasite from one host species to another, regardless of whether
onwards transmission in the recipient host is successful. This definition forces a focus on
spillover only, although we acknowledge that onwards transmission is a crucial component of
pathogen persistence and outbreaks, especially in the case of emerging infectious diseases in
humans [1]. In this article, a distinction has been made between spillover rate (the total number
of spillover events for a given host-parasite system) and spillover diversity (the total number of
parasite species spilling over).
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anthropogenic boundaries. Section 3 expands on this, detailing ecosystem and boundary 
characteristics that can influence permeability for hosts and parasites. 
 
Section 2. Hosts, vectors and parasites near ecosystem boundaries 
 
Hosts and vectors near ecosystem boundaries  
Host traits that increase the probability of occupying or crossing ecosystem boundaries may lead 
to such host species functioning as bridge hosts (Box 1) that link different host species occupying 
distinct ecosystems [23]. Bridge host traits can include being a generalist consumer, having high 
tolerance to different habitats, or being an edge-habitat specialist. The presence of bridge hosts 
can be particularly important for spillover between two other host species for which the boundary 
has low permeability [29]. This may for example be the case for small mammals that transport 
Ixodes ricinus ticks between pasture and woodlands, thereby enabling them to feed on hosts that 
are unlikely to cross the ecosystem boundary, and hence potentially to vector infections across 
the boundary [30]. In turn, arthropod vectors themselves can often act as crucial bridge species 
(Figure 1). For example, arthropod vectors are known to be responsible for spillover of important 
zoonoses such as Chagas disease, transmitted by Rhodnius pallescens kissing bugs that move 
readily between habitats and feed on multiple host species [31], or the transmission of West Nile 
virus between wild birds and humans across the forest-settlement boundary [32].  
Hosts with broad environmental tolerance and generalist resource use are more likely to be 
able to cross ecosystem boundaries than specialists [33]. Examples of generalists occupying a 
wider range of ecosystems than specialists are plentiful (e.g. dung beetles along forest-plantation 
boundaries [21], small mammals in a grassland-forest matrix [34]). Ecosystem boundary areas 
may therefore support a larger proportion of generalist species than ecosystem interiors. 
Additionally, as generalists will tend to move through a more diverse range of ecosystems than 
specialists, they may be more likely to encounter, and become infected with, a wider range of 
parasites [35], thereby elevating both spillover diversity and spillover rate near boundaries [12]. 
Alternatively, some host species specialize in edge habitat [13], and the presence of such edge-
specific hosts might make them disproportionately more likely to be involved in spillover near 
ecosystem boundaries [29] (Figure 1). For example, pinnipeds such as seals, whose life history 
entails spending roughly half their time hauled out on land, can carry canine distemper virus 
from terrestrial to marine mammals [36]. 
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Figure 1. Conceptual model of how host and parasite characteristics affect boundary permeability to spillover. Non-
exhaustive list of different ways in which general ecological mechanisms can affect parasite spillover across ecosystem 
boundaries. Purple and yellow background colours represent adjacent ecosystems, and the region of overlap 
represents their boundary. Red lines illustrate spillover rate at the different locations (ecosystem interiors and 
boundary). Grey boxes indicate the spatial extent of source, bridge/vector, and recipient hosts, as well as the parasite. 
References: [37][38][39][40]. 
 
Parasites near ecosystem boundaries  
The mode of transmission of a parasite is likely to affect which host traits and ecosystem 
conditions will be important for boundary permeability. Directly transmitted parasites require 
individuals of two different host species to come into close contact, which means that the 
conditions determining host movement and presence in the boundary will drive permeability for 
the parasite (Figure 1). Parasites with a free-living stage or ectothermic host will be more sensitive 
to abiotic conditions, and spillover risk in the boundary will depend on conditions affecting 
parasite survival as well as those affecting host presence; furthermore, passive transport in the 
environment can lead to spillover even between host species that have no overlap in habitat use 
(Figure 1). Permeability for vector-borne parasites depends on the presence of suitable vectors 
and may be less dependent on factors determining host abundance because of the movement 
and host-seeking behaviour of vectors. 
Parasite host-specificity and tolerance to environmental conditions are likely linked to the 
probability of being present near ecosystem boundaries. Generalist parasites are able to infect a 
wider range of host species, thereby increasing the chances of infecting a host that is able to enter 
 7 
or cross the ecosystem boundary. Similarly, broad tolerance to environmental conditions will 
allow a parasite to survive in a wider range of ecosystems, which can increase the opportunities 
for encountering new host species in adjacent ecosystems or boundaries. This may for example 
be the case for parasites that can form stable environmental persistence stages such as spores 
(e.g. Bacillus anthracis [41]) or biofilms (e.g. Vibrio cholerae [42]). Generalist parasites may be 
particularly gregarious with respect to host breadth near ecosystem boundaries. For example, in 
a host-parasitoid system, generalist parasitoids infected a wider variety of host species than would 
have been expected at random, creating a disproportionately hyperconnected food-web specific 
to the boundary between natural and managed forests [19,33]. 
 
Section 3: Properties of ecosystem boundaries 
 
Edge effects 
Ecological edge effects shape host species richness and population densities [43], both of which 
can influence the prevalence and environmental availability of parasites to infect other host 
species, or ‘pathogen pressure’ as defined in Plowright et al. 2017 [1]. Host species richness at 
ecosystem boundaries tends to be higher than in the adjacent ecosystem interiors [44–47], 
although some systems exhibit the opposite pattern [48] (Table 1). Higher species richness may 
result in more direct or indirect contacts between different species, thereby increasing spillover 
opportunities and spillover diversity [49]. Although the complex interplay between species 
diversity and parasite transmission within a given host species has been studied in some depth, 
and can be negative or positive depending on the context [50,51], less is known about how species 
diversity affects transmission between species [14]. All else being equal, a positive relationship 
between biodiversity and spillover diversity has been proposed [3,14,52–54], as parasite diversity 
is expected to increase with host diversity [55].  
Host population densities are also expected to change near ecosystem boundaries, but 
whether they increase or decrease is species- and context-specific [56]. Certain species are known 
to exhibit increased densities near low-permeability edges as a result of animal movement being 
forced alongside the boundary, which can result in disproportionately high frequencies of 
interspecific contacts, both with other resident species and species from the other ecosystem for 
which the boundary is permeable [56,57].  
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Table 1. Overview of mechanisms potentially contributing to spillover across ecosystem boundaries. 
References: [48][45][52][57][56][2][22][58][3][53][59][27][35][33][19][21]. 
 
 
Ecosystem dimensions 
Ecosystem patch size and shape will determine the proportions and sizes of ecosystem boundary 
and interior, which can have significant ecological consequences. While total ecosystem patch 
area (i.e. interior plus boundary) can drive host population size, density, and parasite prevalence, 
boundary area can drive contacts between species in different ecosystems [1]. 
The perimeter-to-area ratio (PAR; ratio of ecosystem patch perimeter length to total patch 
area) is a key concept in island biogeography theory [60] (Figure 2), and is used in research on 
the ecological effects of habitat fragmentation [3,28]. In particular, the concept has been applied 
extensively in the context of marine resource subsidies onto islands, which can be crucial for 
island ecosystem productivity [61]. In a disease ecology context, PAR is expected to correlate 
positively with rates of spillover across ecosystems, at least for plant pathogens [58] but likely also 
Mechanism State near boundaries References
Species richness
General expectation for species richness to be 
higher near boundaries, although there is also 
evidence for a negative effect.
Higher species diversity provides contact and 
spillover opportunities between a higher 
number of species combinations.
Haddad et al. 2015; Kark 
& Van Rensburg 2006; 
Keesing et al. 2010
Population density
Can be affected by boundary conditions, but 
whether positively or negatively is species-
specific. Some species aggregate along 
boundaries when permeability is low.
Density effects on transmission and spillover 
will depend on the degree of density-
dependence of the parasite. In many cases, 
higher density increases the transmission rate.
Desrochers & Fortin 
2000; Fagan et al. 1999
Perimeter-area ratio (PAR)
Higher PAR will increase the influence of 
edge effects, and the potential area over 
which resources and organisms can flow 
between ecosystems.
Expected to correlate positively with 
spillover.
Despommier et al. 2006; 
Polis et al. 1997; 
Tscharntke et al. 2012; 
Wilkinson et al. 2018
Patch size
Larger patch size increases absolute boundary 
area, and can influence important host 
population characteristics incl. size and 
density.
Larger total boundary area increases the area 
over which spillover near boundaries can 
happen. Higher core population size and 
density can increase host movement, 
transmission rates.
Faust et al. 2017; Pardini 
et al. 2005
Temporal variability in 
host/parasite presence and 
boundary conditions
Environmental conditions near the boundary 
can vary more strongly, which can cause 
extensive variation in host and parasite 
presence and survival. Additionally, host 
movement across boundaries can vary 
strongly in a regular manner.
Variability in which, and when, hosts and 
parasites are present simultaneously, can 
result in a larger combination of different 
species contacting each other, thereby 
increasing spillover diversity. Effects on 
spillover rate are not clear.
Rand et al. 2006; 
Tscharntke et al. 2012
Host traits
Host traits resulting in broad environmental 
tolerance and generalist resource use are more 
conducive to movement near and across 
boundaries.
Hosts that are generalist resource consumers, 
and that move across multiple ecosystems, 
are more likely to encounter different 
parasites, as well different potential host 
species. This can make them more important 
drivers of spillover.
Becker et al. 2018; Frost 
et al. 2015
Parasite traits
Low host specificity and broad environmental 
tolerance makes it more likely for parasites to 
occur in different ecosystems, including the 
boundary area.
Parasites infecting multiple host species, 
and/or those able to survive in a wider range 
of environmental conditions, are expected to 
be more prevalent in boundary areas, and to 
be more likely drivers of spillover.
Frost et al. 2015; Peralta 
et al. 2018
Boundary permeability
Determined by a range of mechanisms. 
Boundaries can be more or less permeable for 
organisms, which will determine their 
likelihood of being present in boundary areas 
and of crossing into the adjacent ecosystem. 
Highly species-specific.
Hosts and parasites for which a boundary has 
high permeability will be more important 
drivers of spillover. Boundaries between 
highly contrasting ecosystems (e.g. marine-
terrestrial) may be more likely to have low 
permeability, and vice versa.
Fagan et al. 1999; Peyras 
et al. 2013
Effect on spillover near boundaries
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for animal parasites [2]. A strong indication that PAR is important for animal parasite spillover 
can be found in habitat fragmentation research, where spillover rate is expected to increase with 
the degree of fragmentation (and therefore with PAR) [2,11]. This is driven by an increase in 
exposure opportunities between organisms present in the two ecosystems (Figure 2). 
Figure 2. For a given ecosystem patch area, a higher perimeter-to-area ratio corresponds with increased boundary 
length. This corresponds with increased potential for spillover across ecosystem boundaries. 
 
Temporal variability near ecosystem boundaries 
The presence of parasites near ecosystem boundaries is not static, and should be expected to 
vary over time due to source host dynamics impacting pathogen release, microclimate effects on 
parasite survival and spread, and recipient host dynamics on exposure [1]. Here we will focus on 
mechanisms that can cause temporal variation in parasite pressure near ecosystem boundaries, 
while noting that this variability can also be affected by multiple mechanisms that are not 
boundary-specific, such as host population size or the presence of other host species in the 
ecosystem interior. 
Host movement near or across boundaries can vary regularly at short (e.g. daily foraging) or 
long (e.g. seasonal migration) time intervals [62,63]. For example, human movement across 
ecosystem boundaries often varies regularly, as in daily hunting forays from villages into forests 
[64] or seasonal ecotourism [65], both of which are known risk factors for spillover of zoonoses 
[66,67]. Alternatively, movement can be triggered by changes in both ecosystem edge and interior 
areas. Deciduous plants in edge habitat, for example, can start to lose leaves earlier than those in 
the interior due to microclimatic differences [68], with potential consequences for the 
transmission of parasites (e.g. earlier air-borne spread of fungal plant pathogens) [69]. Seasonal 
changes in the ecosystem interior can have direct effects on host and parasite movement across 
ecosystem boundaries [70].  
Environmental conditions near boundaries can vary more strongly than conditions in the 
ecosystem interior, and this can have important consequences for both host and parasite species. 
For example, relative humidity and UV exposure are important determinants of the survival of 
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many parasites, and can vary dramatically at ecosystem boundaries [56,71]. Environmentally 
mediated movement of parasites across ecosystem boundaries can also vary regularly or 
irregularly. Seasonal rainfall for example can result in seasonal transport of parasites across 
ecosystems [72]. 
In conclusion, it is clear that hosts and parasites are affected by multiple sources of variation 
specific to the boundary area, on top of the ‘normal’ boundary-independent variation. Increased 
variation in factors known to affect spillover is likely to result in contact opportunities between a 
higher diversity of hosts and parasites, thereby increasing the overall diversity of potential 
spillover events near ecosystem boundaries. 
 
Section 4. Parallels with existing ecological theory 
Boundary permeability is a key determinant of spillover near ecosystem boundaries, as it is the 
integration of different mechanisms driving spillover dynamics. It relates closely to theory on 
ecological resource flow across ecosystems, particularly the concept of resource subsidies in  
island biogeography theory [22,61]. Parasite flow shares conceptual similarities with resource 
flow, while resource subsidy theory focuses specifically on the movement of resources (typically 
nutrients and microorganisms) across ecosystem boundaries, with a historic focus on marine-
terrestrial subsidies [61]. Despite known limitations to applying island biogeography theory to 
terrestrial-only habitat islands (ecosystem patches) due to the ‘softer’ boundaries [60], lessons 
might be learned that are relevant for spillover across ecosystem boundaries. For example, 
research on the PAR of literal as well as conceptual ecological islands provides an excellent 
context for developing hypotheses on the effect of the PAR on the number and diversity of 
spillover events near ecosystem boundaries, as discussed above.   
Other opportunities to borrow theory relevant to cross-boundary spillover arise in the fields 
of movement ecology and landscape ecology, which both provide theory on how animals move 
across ecosystems [73]. Movement ecology focuses on individuals, and provides a well-developed 
conceptual and mathematical framework for studying why, how, when and where organisms 
move [74]. Landscape ecology is a broader field that focuses on a larger spatiotemporal scale 
than the individual level. At its core is a patch-corridor-matrix approach that is particularly 
relevant for understanding mechanisms behind spillover near ecosystem boundaries, 
connectivity of host populations, and biodiversity patterns at larger scales [75]. As landscape-level 
connectivity of different host populations will be a strong determinant of transmission and 
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spillover, landscape ecology provides a solid theoretical and methodological foundation for 
advancing our understanding of spillover across ecosystem boundaries.  
Landscape genetics offers crucial concepts and tools for understanding parasite transmission 
in general, and provides methods that could help quantify boundary permeability through formal 
testing of the existence of landscape resistance against host and parasite gene flow [76]. Similarly, 
phylogeography and phylodynamics have been used successfully for estimating cross-species 
transmission, and can easily be repurposed to cross-boundary systems [77]. Invasion biology has 
previously been proposed as a source of theory for understanding pathogen emergence [78], and 
can provide theory on directional permeability, as it by definition focuses on the spread of an 
organism from a source to a target ecosystem [79].  
 
Discussion 
This review explores and synthesizes potentially important mechanisms affecting cross-species 
spillover of parasites across ecosystem boundaries, as a step toward developing a general theory 
of spillover associated with ecosystem boundaries. Developing theory on spillover is particularly 
relevant for the spillover of zoonotic pathogens, and directly addresses the longstanding but 
untested hypothesis that areas where ecosystems meet are hotspots for the emergence of zoonotic 
pathogens [2].  
Table 1 summarizes the most important mechanisms and how they are expected to affect 
spillover near boundaries. While all of these mechanisms are important in shaping spillover 
dynamics, many are not well suited for making robust generalizations about when cross-boundary 
spillover is expected to be higher or lower than in ecosystem interiors. A few general predictions 
do emerge, however. For example, higher biodiversity tends to be observed in edges [47], which 
is expected to increase spillover risk through an increased diversity of host and parasite species 
available for potential spillover events [2,3]. Another factor that could consistently increase 
spillover opportunities near boundaries is the expectation of increased ecological variability at 
edges, which should result in increased contact opportunities between a wider range of different 
host and parasite species, thus increasing spillover diversity. 
Despite the complexity and scarcity of empirical data on this topic, it is possible to make a 
number of further predictions that can be the focus of future empirical work. Spillover near 
ecosystem boundaries is expected to increase relative to ecosystem interiors when bridge 
hosts/vectors and edge specialists are present or abundant, when the proportion of generalist 
hosts and parasites is high, or when there are high levels of biodiversity, host density, and species 
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interactions. We have argued that these factors can be integrated into an overall measure of 
boundary permeability, which governs spillover risk. It is less clear how temporal variability in 
ecological conditions and host/parasite presence should affect spillover rates; while increased 
variability is expected to result in a higher spillover diversity, it may simultaneously lower the total 
number of spillover events of focal host-parasite systems. At this point, we believe it is not yet 
possible to make more refined predictions on generalizable patterns of spillover at ecosystem 
boundaries. Key factors in this determination are that (1) edge effect research has revealed a high 
variety in responses to different conditions, as a result of general ecological complexity and 
stochasticity, and (2) there is little to no empirical research that focuses specifically on comparing 
cross-species spillover near ecosystem boundaries with spillover in ecosystem interiors, especially 
in animal hosts.  
While the theoretical framework for spillover is maturing,  this exists in stark contrast with 
the relative scarcity of field studies and data on the determinants of spillover [1], especially across 
diverse ecosystems. There is a pressing need for fundamental research on spillover in multi-host, 
multi-parasite systems, and this review highlights that it might be worthwhile for some of that 
research to focus on spillover across ecosystem boundaries. Ideally this is done in a model-driven 
synergistic context where conceptual and mathematical models of spillover inform, and are in 
turn informed by, field and experimental work [80], aided by the recent technological leaps in 
genetic sequencing and movement tracking. 
 
Acknowledgements 
We thank two reviewers, the handling editor and the members of the Lloyd-Smith lab for 
feedback on an earlier version of this article. We thank Raina Plowright and colleagues for 
organizing the workshop on spillover that motivated the special issue and this article. The authors 
declare that no conflicts of interest exist. 
 
 
 
Authors’ contributions 
BB & JL-S: initial ideas and concepts; BB: principal writer; All authors contributed to idea 
development and writing. 
 
Funding 
 13 
This work was supported by the European Commission Horizon 2020 Marie Sklodowska-Curie 
Actions (Grant 707840 awarded to BB), NSF grants OCE-1335657 and DEB-1557022, SERDP 
grant RC-2635, and DARPA PREEMPT D18AC00031. 
 
References 
1. Plowright RK, Parrish CR, McCallum H, Hudson PJ, Ko AI, Graham AL, Lloyd-Smith 
JO. 2017 Pathways to zoonotic spillover. Nat. Rev. Microbiol. 15, 502–510. 
(doi:10.1038/nrmicro.2017.45) 
2. Despommier D, Ellis BR, Wilcox BA. 2006 The role of ecotones in emerging 
infectious diseases. Ecohealth 3, 281–289. (doi:10.1007/s10393-006-0063-3) 
3. Wilkinson DA, Marshall JC, French NP, Hayman DTS. 2018 Habitat fragmentation, 
biodiversity loss and the risk of novel infectious disease emergence. J. R. Soc. Interface 
15, 20180403. (doi:10.1098/RSIF.2018.0403) 
4. Rulli MC, Santini M, Hayman DTS, D’Odorico P. 2017 The nexus between forest 
fragmentation in Africa and Ebola virus disease outbreaks. Sci. Rep. 7, 41613. 
(doi:10.1038/srep41613) 
5. Olivero J et al. 2017 Recent loss of closed forests is associated with Ebola virus disease 
outbreaks. Sci. Rep. 7, 14291. (doi:10.1038/s41598-017-14727-9) 
6. Judson SD, Fischer R, Judson A, Munster VJ. 2016 Ecological contexts of index cases 
and spillover events of different Ebolaviruses. PLOS Pathog. 12, e1005780. 
(doi:10.1371/journal.ppat.1005780) 
7. Diallo M, Thonnon J, Traore-Lamizana M, Fontenille D. 1999 Vectors of Chikungunya 
virus in Senegal: Current data and transmission cycles. Am. J. Trop. Med. Hyg. 60, 281–
286. (doi:10.4269/ajtmh.1999.60.281) 
8. Monath TP. 2001 Yellow fever: an update. Lancet Infect. Dis. 1, 11–20. 
(doi:10.1016/S1473-3099(01)00016-0) 
9. Lessler J et al. 2016 Assessing the global threat from Zika virus. Science 353, aaf8160. 
(doi:10.1126/science.aaf8160) 
10. Althouse BM et al. 2018 Role of monkeys in the sylvatic cycle of Chikungunya virus in 
Senegal. Nat. Commun. 9. (doi:10.1038/s41467-018-03332-7) 
11. Faust CL, McCallum HI, Bloomfield LSP, Gottdenker NL, Gillespie TR, Torney CJ, 
 14 
Dobson AP, Plowright RK. 2018 Pathogen spillover during land conversion. Ecol. Lett. 
21, 471–483. (doi:10.1111/ele.12904) 
12. Power AG, Mitchell CE. 2004 Pathogen spillover in disease epidemics. Am. Nat. 164, 
S79–S89. 
13. Baker J, French K, Whelan RJ. 2002 The edge effect and ecotonal species: Bird 
communities across a natural edge in southeastern Australia. Ecology 83, 3048–3059. 
(doi:10.1890/0012-9658(2002)083[3048:TEEAES]2.0.CO;2) 
14. Wood C, KD L, DeLeo G, Young H, Hudson P, Kuris A. 2014 Does biodiversity 
protect humans against infectious disease? Ecology 95, 817–832. 
15. Zeller KA, McGarigal K, Whiteley AR. 2012 Estimating landscape resistance to 
movement: A review. Landsc. Ecol. 27, 777–797. (doi:10.1007/s10980-012-9737-0) 
16. Van Dyck H, Baguette M. 2005 Dispersal behaviour in fragmented landscapes: Routine 
or special movements? Basic Appl. Ecol. 6, 535–545. (doi:10.1016/j.baae.2005.03.005) 
17. Bonesi L, Chanin P, Macdonald DW. 2004 Competition between Eurasian otter Lutra 
lutra and American mink Mustela vison probed by niche shift. Oikos 106, 19–26. 
(doi:10.1111/j.0030-1299.2004.12763.x) 
18. Hamback PA, Summerville KS, Steffan-Dewenter I, Krauss J, Englund G, Crist TO. 
2007 Habitat specialization, body size, and family identity explain lepidopteran density-
area relationships in a cross-continental comparison. Proc. Natl. Acad. Sci. 104, 8368–
8373. (doi:10.1073/pnas.0611462104) 
19. Peralta G, Frost CM, Didham RK. 2018 Plant, herbivore and parasitoid community 
composition in native Nothofagaceae forests vs. exotic pine plantations. J. Appl. Ecol. 
55, 1265–1275. (doi:10.1111/1365-2664.13055) 
20. Glander KE, Wright PC, Seigler DS, Randrianasolo V, Randrianasolo B. 1989 
Consumption of cyanogenic bamboo by a newly discovered species of bamboo lemur. 
Am. J. Primatol. 19, 119–124. (doi:10.1002/ajp.1350190205) 
21. Peyras M, Vespa NI, Bellocq MI, Zurita GA. 2013 Quantifying edge effects: the role of 
habitat contrast and species specialization. J. Insect Conserv. 17, 807–820. 
(doi:10.1007/s10841-013-9563-y) 
22. Polis GA, Anderson WB, Holt RD. 1997 Towards an integration of landscape and food 
web ecology: The dynamics of spatially subsidized food webs. Annu. Rev. Ecol. Syst. 28, 
 15 
289–316. 
23. Caron A, Cappelle J, Cumming GS, De Garine-Wichatitsky M, Gaidet N. 2015 Bridge 
hosts, a missing link for disease ecology in multi-host systems. Vet. Res. 46, 83. 
(doi:10.1186/s13567-015-0217-9) 
24. Driscoll DA, Banks SC, Barton PS, Lindenmayer DB, Smith AL. 2013 Conceptual 
domain of the matrix in fragmented landscapes. Trends Ecol. Evol. 28, 605–613. 
(doi:10.1016/j.tree.2013.06.010) 
25. Burgess TL et al. 2018 Defining the risk landscape in the context of pathogen pollution: 
Toxoplasma gondii in sea otters along the Pacific Rim. R. Soc. Open Sci. 5, 171178. 
(doi:10.1098/rsos.171178) 
26. Tscharntke T, Rand TA, Bianchi FJJA. 2005 The landscape context of trophic 
interactions: insect spillover across the crop — noncrop interface. Ann. Zool. Fennici 42, 
421–432. 
27. Rand T, Tylianakis JM, Tscharntke T. 2006 Spillover edge effects: the dispersal of 
agriculturally subsidized insect natural enemies into adjacent natural habitats. Ecol. Lett. 
9, 603–614. (doi:10.1111/j.1461-0248.2006.00911.x) 
28. Plantegenest M, Le May C, Fabre F. 2007 Landscape epidemiology of plant diseases. J. 
R. Soc. Interface 4, 963–972. (doi:10.1098/rsif.2007.1114) 
29. Bordes F, Blasdell K, Morand S. 2015 Transmission ecology of rodent-borne diseases: 
New frontiers. Integr. Zool. 10, 424–435. (doi:10.1111/1749-4877.12149) 
30. Boyard C, Vourc’h G, Barnouin J. 2008 The relationships between Ixodes ricinus and 
small mammal species at the woodland-pasture interface. Exp. Appl. Acarol. 44, 61–76. 
(doi:10.1007/s10493-008-9132-3) 
31. Gottdenker N, Chaves L, Calzada J, Saldana A, Carroll C. 2012 Host life history 
strategy, species diversity, and habitat influence Trypanosoma cruzi vector infection in 
changing landscapes. PLoS Negl. Trop. Dis. 6, e1884. 
(doi:10.1371/journal.pntd.0001884) 
32. Kilpatrick A, Kramer L, Campbell S, Oscar Alleyne E, Dobson A, Daszak P. 2005 
West Nile virus risk assessment and the bridge vector paradigm. Emerg. Infect. Dis. 11, 
425–429. 
33. Frost CM, Didham RK, Rand TA, Peralta G, Tylianakis JM. 2015 Community-level net 
 16 
spillover of natural enemies from managed to natural forest. Ecology 96, 193–202. 
34. Lacher TE, Alho CJR. 2001 Terrestrial small mammal richness and habitat associations 
in an Amazon forest-cerrado contact zone. Biotropica 33, 171–181. (doi:10.1111/j.1744-
7429.2001.tb00166.x) 
35. Becker DJ, Streicker DG, Altizer S. 2018 Using host species traits to understand the 
consequences of resource provisioning for host–parasite interactions. J. Anim. Ecol. 87, 
511–525. (doi:10.1111/1365-2656.12765) 
36. Beineke A, Baumgärtner W, Wohlsein P. 2015 Cross-species transmission of canine 
distemper virus - an update. One Heal. 1, 49–59. (doi:10.1016/j.onehlt.2015.09.002) 
37. Woodroffe R, Prager KC, Munson L, Conrad PA, Dubovi EJ, Mazet JAK. 2012 
Contact with domestic dogs increases pathogen exposure in endangered African wild 
dogs (Lycaon pictus). PLoS One 7. (doi:10.1371/journal.pone.0030099) 
38. de Thoisy B et al. 2008 Dengue Infection in neotropical forest mammals. Vector-Borne 
Zoonotic Dis. 9, 157–170. (doi:10.1089/vbz.2007.0280) 
39. Field H, Young P, Yob JM, Mills J, Hall L, Mackenzie J. 2001 The natural history of 
Hendra and Nipah viruses. Microbes Infect. 3, 307–314. (doi:10.1016/S1286-
4579(01)01384-3) 
40. Aditi, Shariff M. 2019 Nipah virus infection: A review. Epidemiol. Infect. 147, 1–6. 
41. Saile E, Koehler TM. 2006 Bacillus anthracis multiplication, persistence, and genetic 
exchange in the rhizosphere of grass plants. Appl. Environ. Microbiol. 72, 3168–3174. 
(doi:10.1128/AEM.72.5.3168) 
42. Lutz C, Erken M, Noorian P, Sun S, McDougald D. 2013 Environmental reservoirs and 
mechanisms of persistence of Vibrio cholerae. Front. Microbiol. 4, 1–15. 
(doi:10.3389/fmicb.2013.00375) 
43. Odum EP. 1959 Fundamentals of ecology. 2nd edn. Philadelphia: Saunders.  
44. Ward JV, Tockner K, Schiemer F. 1999 Biodiversity of floodplain river ecosystems: 
ecotones and connectivity. Regul. Rivers Res. Manag. 15, 125–139. 
(doi:10.1002/(SICI)1099-1646(199901/06)15:1/3<125::AID-RRR523>3.0.CO;2-E) 
45. Kark S, van Rensburg BJ. 2006 Ecotones: marginal or central areas of transition? Isr. J. 
Ecol. Evol. 52, 29–53. (doi:10.1560/IJEE.52.1.29) 
46. Pauli H, Gottfried M, Reiter K, Klettner C, Grabherr G. 2007 Signals of range 
 17 
expansions and contractions of vascular plants in the high Alps: Observations (1994-
2004) at the GLORIA*master site Schrankogel, Tyrol, Austria. Glob. Chang. Biol. 13, 
147–156. (doi:10.1111/j.1365-2486.2006.01282.x) 
47. Mueter F, Litzow M. 2008 Sea ice retreat alters the biogeography of the Bering Sea 
continental shelf. Ecol. Appl. 18, 309–320. 
48. Haddad NM et al. 2015 Habitat fragmentation and its lasting impact on Earth’s 
ecosystems. Sci. Adv. 1, e1500052. (doi:10.1126/sciadv.1500052) 
49. Geoghegan JL, Holmes EC. 2017 Predicting virus emergence amid evolutionary noise. 
Open Biol. 7, 170189. 
50. Civitello DJ et al. 2015 Biodiversity inhibits parasites: Broad evidence for the dilution 
effect. Proc. Natl. Acad. Sci. 112, 8667–8671. (doi:10.1073/pnas.1506279112) 
51. Luis AD, Kuenzi AJ, Mills JN. 2018 Species diversity concurrently dilutes and amplifies 
transmission in a zoonotic host–pathogen system through competing mechanisms. Proc. 
Natl. Acad. Sci. , 201807106. (doi:10.1073/pnas.1807106115) 
52. Keesing F et al. 2010 Impacts of biodiversity on the emergence and transmission of 
infectious diseases. Nature 468, 647–652. (doi:10.1038/nature09575) 
53. Faust CL et al. 2017 Null expectations for disease dynamics in shrinking habitat: dilution 
or amplification ? Philos. Trans. R. Soc. B 372, 20160173. (doi:10.1098/rstb.2016.0173) 
54. Roche B, Dobson AP, Guégan JF, Rohani P. 2012 Linking community and disease 
ecology: The impact of biodiversity on pathogen transmission. Philos. Trans. R. Soc. B 
Biol. Sci. 367, 2807–2813. (doi:10.1098/rstb.2011.0364) 
55. Murray KA, Daszak P. 2013 Human ecology in pathogenic landscapes: Two hypotheses 
on how land use change drives viral emergence. Curr. Opin. Virol. 3, 79–83. 
(doi:10.1016/j.coviro.2013.01.006) 
56. Fagan WF, Cantrell RS, Cosner C. 1999 How habitat edges change species interactions. 
Am. Nat. 153, 165–182. (doi:10.1086/303162) 
57. Desrochers A, Fortin MJ. 2000 Understanding avian responses to forest boundaries: A 
case study with chickadee winter flocks. Oikos 91, 376–384. (doi:10.1034/j.1600-
0706.2000.910218.x) 
58. Tscharntke T et al. 2012 Landscape moderation of biodiversity patterns and processes - 
eight hypotheses. Biol. Rev. 87, 661–685. (doi:10.1111/j.1469-185X.2011.00216.x) 
 18 
59. Pardini R, De Souza SM, Braga-Neto R, Metzger JP. 2005 The role of forest structure, 
fragment size and corridors in maintaining small mammal abundance and diversity in an 
Atlantic forest landscape. Biol. Conserv. 124, 253–266. 
(doi:10.1016/j.biocon.2005.01.033) 
60. Cook WM, Lane KT, Foster BL, Holt RD. 2002 Island theory, matrix effects and 
species richness patterns in habitat fragments. Ecol. Lett. 5, 619–623. 
(doi:10.1046/j.1461-0248.2002.00366.x) 
61. Polis GA, Hurd SD. 1996 Linking marine and terrestrial food webs: allochthonous 
input from the ocean suports high secondary productivity on small islands and coastal 
land communities. Am. Midl. Nat. 147, 396–423. 
62. Ntiamoa-Baidu Y, Piersma T, Wiersma P, Poot M, Battley P, Gordon C. 1998 Water 
depth selection, daily feeding routines and diets of waterbirds in coastal lagoons in 
Ghana. Ibis (Lond. 1859). 140, 89–103. (doi:10.1111/j.1474-919X.1998.tb04545.x) 
63. Boyce MS, Mao JS, Merrill EH, Fortin D, Turner MG, Fryxell J, Turchin P. 2003 Scale 
and heterogeneity in habitat selection by elk in Yellowstone National Park. Ecoscience 
10, 421–431. (doi:10.1080/11956860.2003.11682790) 
64. Dei GJS. 1989 Hunting and gathering in a Ghanaian rain forest community. Ecol. Food 
Nutr. 22, 225–243. (doi:10.1080/03670244.1989.9991071) 
65. Muehlenbein MP, Ancrenaz M. 2009 Minimizing pathogen transmission at primate 
ecotourism destinations: The need for input from travel medicine. J. Travel Med. 16, 
229–232. (doi:10.1111/j.1708-8305.2009.00346.x) 
66. Jezek Z, Arita I, Mutombo M, Dunn C, Nakano J, Szczeniowski M. 1986 Four 
generations of probable person-to-person transmission of human monkeypox. Am. J. 
Epidemiol. 123, 1004–1012. (doi:10.1093/oxfordjournals.aje.a114328) 
67. Wolfe N et al. 2004 Naturally acquired simian retrovirus infections in central African 
hunters. Lancet 363, 932–937. 
68. Cappuccino N, Martin MA. 1997 The birch tube-maker Acrobasis betulella in a 
fragmented habitat: The importance of patch isolation and edges. Oecologia 110, 69–76. 
(doi:10.1007/s004420050134) 
69. Sturrock RN, Frankel SJ, Brown A V., Hennon PE, Kliejunas JT, Lewis KJ, Worrall JJ, 
Woods AJ. 2011 Climate change and forest diseases. Plant Pathol. 60, 133–149. 
 19 
(doi:10.1111/j.1365-3059.2010.02406.x) 
70. Lehtinen RM, Ramanamanjato J-B, Raveloarison JG. 2003 Edge effects and extinction 
proneness in a herpetofauna from Madagascar. Biodivers. Conserv. 12, 1357–1370. 
71. Kapos V. 1989 Effects of isolation on the water status of forest patches in the Brazilian 
Amazon. J. Trop. Ecol. 5, 173–185. 
72. Wilkes G et al. 2009 Seasonal relationships among indicator bacteria, pathogenic 
bacteria, Cryptosporidium oocysts, Giardia cysts, and hydrological indices for surface 
waters within an agricultural landscape. Water Res. 43, 2209–2223. 
(doi:10.1016/j.watres.2009.01.033) 
73. Forman RTT. 1995 Some general principles of landscape and regional ecology. Landsc. 
Ecol. 10, 133–142. (doi:10.1007/BF00133027) 
74. Nathan R, Getz WM, Revilla E, M H, Kadmon R, Saltz D, Smouse P. 2008 A 
movement ecology paradigm for unifying organismal movement research. Proc. Natl. 
Acad. Sci. 105, 19052–19059. (doi:10.1021/i360006a005) 
75. Clark W. 2010 Principles of Landscape Ecology. Nat. Educ. Knowl. 3, 34. 
76. Biek R, Real LA. 2010 The landscape genetics of infectious disease emergence and 
spread. Mol. Ecol. 19, 3515–3531. (doi:10.1111/j.1365-294X.2010.04679.x) 
77. Kamath PL et al. 2016 Genomics reveals historic and contemporary transmission 
dynamics of a bacterial disease among wildlife and livestock. Nat. Commun. 7, 11448. 
(doi:10.1038/ncomms11448) 
78. Dunn AM, Hatcher MJ. 2015 Parasites and biological invasions: parallels, interactions, 
and control. Trends Parasitol. 31, 189–199. (doi:10.1016/j.pt.2014.12.003) 
79. Blackburn TM, Pyšek P, Bacher S, Carlton JT, Duncan RP, Jarošík V, Wilson JRU, 
Richardson DM. 2011 A proposed unified framework for biological invasions. Trends 
Ecol. Evol. 26, 333–339. (doi:10.1016/j.tree.2011.03.023) 
80. Restif O et al. 2012 Model-guided fieldwork: practical guidelines for multidisciplinary 
research on wildlife ecological and epidemiological dynamics. Ecol. Lett. 15, 1083–
1094. (doi:10.1111/j.1461-0248.2012.01836.x) 
 
 
 
